Photek are a well-established supplier of microchannel plate (MCP) photomultiplier tubes (PMTs) to the inertial confinement fusion community. The analogue signals produced at the major inertial confinement fusion facilities cover many orders of magnitude, therefore understanding the upper saturation limit of MCP-PMTs to large low rate signals takes on a high importance. Here we present a study of a single and a double MCP-PMT with 10 mm diameter active area. The saturation was studied for a range of optical pulse widths from 4 ns to 100 ns and at a range of electron gain values: 10 3 to 10 4 for the single and 10 4 to 10 6 for the double. We have shown that the saturation level of ∼1.2 nC depends only on the integrated charge of the pulse and is independent of pulse width and gain over this range, but that the level of charge available in deep saturation is proportional to the operating gain. Published by AIP Publishing. [http://dx
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I. INTRODUCTION
In a market that includes alternatives from Hamamatsu 1 and Photonis, 2 Photek are considered a well-established supplier of microchannel plate (MCP) photomultiplier tubes (PMTs) to the inertial confinement fusion (ICF) community. We have several detectors installed at NIF, Omega (LLE Rochester), and Orion (AWE). The MCP-PMTs produced by Photek have the shortest response time recorded by devices of this type with a small area single MCP PMT having a FWHM of ∼85 ps, 3 and in recent years Photek have also made significant improvements to their gating ability. 4 The two main diagnostics where these detectors are used are gamma detection 5 (in combination with a Cherenkov radiator) and neutron time of flight 6 (in combination with a scintillator). Both of these diagnostics produce multi-photon pulsed signals that cover many orders of magnitude and often need multiple detectors operating at different levels of electron gain. As such, understanding the upper saturation limit of MCP-PMTs takes on a high importance as it is key to know the limitations of the whole diagnostic. Here we present a study of a single (PMT110) and a double (PMT210) MCP-PMT with 10 mm diameter active area. The saturation was studied for a range of optical pulse widths from 4 ns to 100 ns and at a range of electron gain values: 10 3 to 10 4 for the PMT110 and 10 4 to 10 6 for the PMT210.
II. EXPERIMENT
Measuring the saturation limit of a photo detector to pulsed signals should be simple: Linearly increase the magnitude of the optical pulse input and monitor the electrical pulse output, and once this relationship becomes non-linear, the saturation is reached. In reality it is often difficult to control the accuracy of the optical input and can involve many time-consuming calibrations of light sources and neutral density (ND) filters, which posed a problem for this study as we wanted to look at a broad range of pulse amplitudes at multiple pulse widths which needed a level of automation and a reasonably simple setup.
To circumvent this issue and allow a level of automation into the experiment, we devised a system where the input optical pulse could be monitored at each and every setting by a separate photodetector known to be linear over this range, as shown on Fig. 1 . The photodiode was a 10 mm diameter Photek PD010, essentially the same construction as the two PMTs under analysis but without the limited dynamic range that comes with using an MCP. Its linearity was confirmed by measuring the integrated pulse output up to the maximum value used at the limits of the pulse width (∼200 pC at 4 ns and ∼8 nC at 100 ns), and then making the same measurement but with 10% of the light simply by adding an ND of 1.0. Graphing the 10% range against the 100% range at both pulse widths produced good linear relationships.
At each data point the oscilloscope averaged the signal for 100 times to remove the natural signal variation caused by the limited number of photons per pulse, and then integrated the pulses to produce a charge value: Each data point thus consisted of the integrated charge of the signal pulse from the photodiode and the same from the PMT being analyzed. The ND filters were adjusted to suit the PMT gain and the level of saturation being measured, and the diffuser ensured a flat field at the detector input. The pulse width and amplitude of the laser diode pulses were controlled by a software script that also read out the charge values from the oscilloscope.
For all of the saturation curves shown in this study, the integrated charge from the photodiode reference pulse used on the x-axis is purely arbitrary as it only represents a fixed ratio of the light arriving at the photodiode and PMT, respectively. This ratio is set by the ND filters, which was altered to suit the experimental parameters of each experiment (pulse width, gain, level of saturation). The x-axis only serves to have a linear reference to compare, and the key parameter to take from each graph is the shape of the curve and the amount of charge produced by the PMT where the curve begins to show a non-linear relationship.
III. SATURATION CURVE
An example of a typical saturation curve is shown in and an optical pulse width of 30 ns. At three points on the curve we have shown the resulting PMT and PD pulse shapes to illustrate how the saturation effect appears. At an output pulse charge of 1.3 nC, saturation first becomes noticeable due to the slight difference in pulse shape between the outputs of the PMT and the photodiode, which can be considered to show the true output of the laser diode. A slight dip at the end of the square pulse indicates the beginning of saturation and therefore the end of the linear region. As the magnitude of the optical pulse is increased the saturation becomes more evident, as shown at 2.5 nC, although it is only at this point that the curve becomes noticeably non-linear. Once the output reaches 4.3 nC, the PMT is clearly in deep saturation and the output pulse barely resembles the square input as shown by the pulse of the photodiode.
IV. PULSE WIDTH VARIATION
The first result of note was the lack of dependence between the shape of the saturation curve and the pulse width, an example of which is shown in Fig. 3 for a PMT110 operating at a gain of 12 500. Each set of curves was taken at different ND settings so the ratio of light reaching the PMT and the photodiode would be different, so they cannot be compared on the same graph. However, we measured the pulse widths of 10 ns and 30 ns in multiple sets to show that the curve shape was consistent across all pulse widths. Both PMT110 and PMT210 showed this effect over the full range of gain values and the same range of optical pulse widths, and the end of their linear regions is about 1.2 nC of integrated charge in the output pulse regardless of pulse width or gain.
V. GAIN VARIATION
Whilst the onset of non-linearity appears unaffected by the pulse width or gain, there is an effect on the shape of the saturation curve when the electron gain is altered. Taking the saturation curves for a pulse width of 10 ns for both devices, and then adjusting the arbitrary x-scale so that the linear regions overlap, we can see that the amount of charge produced when the PMT is in deep saturation increases when the PMT is operated at a higher gain, see Fig. 4 . It is important to note, however, that the saturation curves only separate once the PMT is significantly outside of the linear region, so it should not be misinterpreted as extending the linear response of the PMT.
VI. DISCUSSION
This analysis confirms the assumption made in previous studies of MCP saturation in a low rate, multi-photon environment (as opposed to a high-rate, single photon regime) that looked at saturation in an MCP-based image intensifier from Proxivision. 7 The assumption was that any saturation would result in a signal depression independent of the pulse width, provided it is significantly shorter than the recharge time of the MCP, which is in the order of milliseconds, and is also suggested by a modelling analysis. 8 Both of these studies indicate a continued increase in signal output up to a level considerably beyond the linear region. They suggest that this is due to the beginning of saturation occurring at the end of the MCP pore, while the rest of the pore remains unsaturated. Therefore, even though the end of the pore may only be operating at a gain near unity, there is still scope for the rest of the pore to produce more electron signals if asked. It is also proposed that an MCP operating at a higher gain level is able to produce more signals when saturated simply due to the extra charge stored in the capacitance of the MCP as more voltage would be applied across it, which is observed in the results of this study.
VII. CONCLUSION
We have measured the pulsed saturation curves of a single and a double 10 mm MCP-PMT over their respective working gain ranges and over a range of pulse widths between 4 ns and 100 ns. We have shown that the saturation level of ∼1.2 nC depends only on the integrated charge of the pulse and is independent of pulse width and gain over this range. The level of charge available in deep saturation is proportional to the operating gain; however, this does not extend the linear region of either device.
